Objectives: To assess in a large population of patients with clinically isolated syndrome (CIS) the relevance of brain lesion location and frequency in predicting 1-year conversion to multiple sclerosis (MS).
MRI datasets, allows the visualization of spatial patterns of focal pathology that would be much less evident in single-patient studies.
Classic neuropathologic and MRI studies [16] [17] [18] have highlighted that MS lesions tend to have a predilection for certain areas of the brain, such as periventricular regions and corpus callosum (CC). However, lesions can be widespread across the brain even at disease onset, and, in this context, it would be very useful to know whether CIS patients with specific brain lesion distribution and frequency carry a high risk for early conversion to CDMS.
In this study, we used LPMs to assess, in a large population of patients with CIS, differences at baseline in brain lesion distribution and frequency a) between CIS patients with different types of clinical onset (optic neuritis, multifocal, brainstem/cerebellar, spinal cord, and cerebral hemispheric), and b) between patients who converted or did not convert to CDMS within 1 year.
METHODS Study population. In this European, multicenter, retrospective study, we collected data of patients with CIS (n 5 1165) from MS centers (Barcelona, Copenhagen, Graz, London, Milan, Rome, and Siena; n 5 428 [36.7%]) and clinical trials on patients with CIS [19] [20] [21] (n 5 737 [63.3%]). The study was organized and developed within the Magnetic Resonance in Multiple Sclerosis (MAGNIMS) network (www.magnims.eu). Clinical-demographic data were age, sex, date, topography of CIS, and date of conversion to CDMS due to a second clinical attack within 1 year from onset.
Standard protocol approvals, registrations, and patient consents. The study received approval from the local ethics committees and written informed consent was obtained from all study patients.
MRI data and analysis. MRI data were collected 60 6 43 days from disease onset. Each participating center provided, for each patient, T1-weighted (T1-W), proton density (PD), and T2-weighted (T2-W) MRIs and T2-lesion masks, which were created in each center by using semiautomated segmentation techniques based on usersupervised local thresholding. All MRI data were sent to the Quantitative Neuroimaging Laboratory of the University of Siena for quality control and centralized T2 LPM analysis.
LPMs were obtained by using imaging analysis tools of the Oxford Centre for Functional MRI of the Brain (FMRIB) Software Library (FSL) (www.fmrib.ox.ac.uk/fsl/). 22 For each group studied here, the LPMs were created as follows:
1. The brain was first extracted from the T1-W, T2-W, and PD images using BET 22 and then a study-specific template was obtained after linearly registering a sample of T1-W brain images (n 5 450, with equal numbers of images from the different magnetic resonance datasets) to the Montreal Neurological Institute (MNI)152 standard brain by using FMRIB's linear image registration tool (FLIRT) 22 and then averaging all the resulting transformed images.
2. A 2-stage registration was then performed to align the T2-lesion masks of each patient to the template. First, each lesion mask was linearly registered with FLIRT on the T1-W image using the transformation parameters derived by registering the PD on the T1-W image. Second, each lesion mask previously registered on the T1-W image was nonlinearly registered on the template with FMRIB's nonlinear image registration tool 23, 24 using the transformation parameters derived by registering the T1-W image on the template. The nearest neighbor interpolation method was used in both stages. Two observers (A.G. and A.D.L.) independently checked all the coregistered lesion masks and an agreement was found in all cases. 3. For each patient group, an LPM was generated by first merging and then averaging all the standard-space lesion masks. For each map, voxel intensity represents the frequency of lesion occurrence in that voxel or, in other words, the probability of that voxel being lesion.
General statistics. To test for differences in age and lesion volume (LV) 1) between each type of onset and the remaining CIS population, and 2) between converting and nonconverting patients in the whole CIS population, and in each type of onset, nonparametric Mann-Whitney test was used. To account for differences in head size, for each patient LV was measured in common standard space, and this was used in all subsequent analyses.
Using the LPM, we computed a measure of the consistency of lesion pattern across patients of each group. This was described as the LPM index (LPMi) in a previous work 10 and was obtained by performing the following equation:
in which LPM G , the LPM of the patient group, was masked by Mi, the binarized and segmented lesion mask of the patient, and finally m, the resulting mean inside the patient's mask, was computed. As a result of this procedure, LPMi is higher when the patient's lesion mask is localized in brain regions with a high probability of being lesion for that group. Differences in LPMi between converting and nonconverting patients in the whole CIS population were also assessed with Mann-Whitney test. The Fisher test was used for between-group comparisons of sex. Differences were considered significant at p , 0.05. Analyses were performed with the SPSS version 17 software (SPSS Inc., Cary, NC).
Voxelwise statistics. To test for between-group differences in lesion frequency, we performed unpaired t tests in a General Linear Model framework using randomise, a nonparametric permutation-based (n 5 5,000 permutations) FSL program. 25 Moreover, analysis of variance was performed to test for significant heterogeneity in lesion frequency among the 5 CIS presentations. In all analyses, age, sex, slice thickness (3 mm [n 5 1,001, 86%] and 5 mm [n 5 164, 14%]), and the center creating lesion masks were included as covariates. In addition, because some studies 9, 12, 13 found that brain LV can influence lesion distribution, LPM analyses showing significant clusters were repeated after controlling for brain LV, which was log-transformed in order to obtain a normal distribution. Thresholding was performed using TFCE (Threshold-Free Cluster Enhancement), a method for finding significant clusters in MRI data without having to define them in a binary way. 26 Clusters were considered significant at p , 0.05, fully corrected for multiple comparisons across space.
Anatomical locations of the local maxima within significant clusters were determined using the diffusion tensor imaging and probabilistic tractography WM atlases included with FSL.
RESULTS Demographic, clinical, and MRI features of CIS patients are summarized in table 1. Conversion to CDMS occurred in 303 of 1,165 patients (26%) within 1 year from the first clinical event.
When compared with the remaining population, a greater LV was found in CIS patients with hemispheric (7.6 6 8.3 cm 3 vs 4.9 6 7 cm 3 , p , 0.001) and multifocal (7.1 6 10.1 cm 3 vs 4.7 6 6.1 cm 3 , p , 0.001) onset. Conversely, smaller LV was found, in comparison with the remaining CIS population, in patients with onset in the spinal cord (3.8 6 5.4 cm 3 vs 5.5 6 7.5 cm 3 , p , 0.001) and optic nerve (3.8 6 5 cm 3 vs 5.8 6 7.9 cm 3 , p , 0.001). Patients with brainstem/cerebellar onset had similar brain LV compared with the remaining CIS population (5.2 6 6.1 cm 3 vs 5.2 6 7.4 cm 3 , p . 0.10).
In the whole population, there were no differences in age and sex (p . 0.10) between CIS patients who converted and those who did not convert to CDMS within 1 year. However, on the baseline MRI scans, LV of the CIS group converting within 1 year was greater than in the nonconverting group (7 6 8.1 cm 3 vs 4.6 6 6.7 cm 3 , p , 0.001).
Similarly, when CIS patients were divided into different subgroups according to the type of onset, no differences in age and sex (p . 0.10) were found between converting and nonconverting patients (table 1) . However, baseline LV was greater in the converting than in the nonconverting group in patients with brainstem/ cerebellar, multifocal (p # 0.001 for both), optic nerve (p 5 0.01), spinal cord (p 5 0.08), and hemispheric (p 5 0.10) onset (table 1) .
LPM in patients grouped for disease onset. We assessed lesion distribution and frequency in CIS patients with different disease onset in comparison with the remaining population.
The LPM of CIS patients with hemispheric onset, compared with that of the remaining CIS population, showed higher (p , 0.05, cluster-corrected) lesion frequency in regions of the cerebral hemispheres such as the posterior and superior corona radiata (CR) mapping on the corticospinal tract and in the superior longitudinal fascicle (SLF). The clusters remained significant even after controlling for LV (figure 1, top panel).
In patients with multifocal onset, when compared with the remaining CIS population, a higher (p , 0.05, cluster-corrected) lesion frequency was found in several clusters of the cerebral WM. After controlling for brain LV, clusters in the SLF, anterior thalamic radiation (ATR), anterior CR mapping on the uncinate fascicle, and WM of the precentral gyrus were retained (figure 1, middle panel).
CIS patients with brainstem/cerebellar onset, compared with the remaining CIS population, showed higher (p , 0.05, cluster-corrected) lesion frequency, even after controlling for brain LV, in the middle cerebellar peduncle (figure 1, bottom panel).
By contrast, CIS patients with both optic nerve and spinal cord onset had lower (p , 0.05, cluster-corrected) lesion frequency than the remaining CIS population in several regions of the WM. However, none of these clusters survived correction for LV.
Overall, the anatomical location of significant clusters for the different types of CIS presentation was confirmed when an analysis of covariance was performed on the 5 CIS subgroups.
LPM in 1-year converting vs nonconverting CIS. The MRI-derived LPM of CIS patients who converted or did not convert within 1 year showed that lesions had an overall similar distribution across the brain ( figure 2 ). However, in the converting group, baseline lesions tended to be more concentrated despite their greater volume, relatively sparing peripheral areas of the WM ( figure 2) . Indeed, the percentage of brain voxels occupied by lesions was 18% in the converting group and 25% in the nonconverting group. Moreover, the LPMi, which is a measure of the consistency of lesion pattern across patients of a group, was higher in converting than in nonconverting patients (3.5% 6 1.2% vs 2.2% 6 1.1%, p , 0.001). The converting group had higher (p , 0.05, clustercorrected) lesion frequency than the nonconverting group in projection, association, and commissural WM tracts (figure 3; table 2), with larger clusters (.40 voxels) in the CC (splenium, body, and genu), optic radiations, inferior frontooccipital fascicle, CR (anterior and superior regions), and cingulum. After controlling for LV, 2 clusters, 1 in the anterior CR mapping on the ATR and the other in the frontal cingulum, were retained ( figure 3 ).
When the subgroups with different disease onset were considered in this voxelwise analysis, CIS patients with brainstem/cerebellar onset showed higher (p , 0.05, cluster-corrected) frequency of lesions in the converting group than in the nonconverting group, with clusters surviving correction for brain LV in the body of the CC, posterior CR mapping on the posterior part of the ATR and SLF. In patients with spinal cord onset, the converting group had higher (p , 0.05, clustercorrected) lesion frequency than the nonconverting group in the region of the superior CR mapping on the corticospinal tract and in the SLF, all surviving correction for brain LV. By contrast, no difference in lesion frequency was found between converting and nonconverting groups in CIS subjects with hemispheric, multifocal, and optic nerve onset. DISCUSSION It is well known from previous studies 2-6 that in CIS patients, the presence of a greater WM lesion load conveys a higher risk of developing CDMS. Less clear is whether or not CIS patients with different types of onset have different distribution of these cerebral lesions and, more importantly, whether the anatomical location of these lesions can predict an early conversion to CDMS. In this very large, retrospective, and multicenter study, we determined whether it is possible to provide an answer to these important questions by exploiting the potential of the MRI-derived LPMs in providing information that cannot be obtained with traditional MRI studies.
In CIS patients with different types of onset, the voxelwise analysis showed significant clusters of lesions in specific regions of the WM in patients with hemispheric (CR and SLF) and brainstem/cerebellar (middle cerebellar peduncle) onset. Clusters of lesions were found in several regions of the cerebral WM in patients with multifocal onset. Finally, significant lesion clusters were not found in patients with optic nerve and spinal cord onset. Altogether, these findings indicate a clear relationship between the type of clinical onset and the anatomical location of brain lesions, which goes well beyond what could emerge from single-patient studies.
It is potentially very important to recognize in advance CIS patients who will convert to CDMS in the short term, because this may have treatment implications. Patients with greater lesion load or fulfilling the Barkhof MRI criteria for disease dissemination in space, 27 compared with those who do not, are more likely to have a second episode. 4 In a recent study, 28 the combined presence of Barkhof criteria and lesions in the CC predicted conversion to CDMS, suggesting that the anatomical location of lesions is clinically relevant. The 2010 revisions to the McDonald criteria, 29 which incorporated the simplified MAGNIMS criteria for dissemination in space, 30 also highlight the importance of lesion topography for diagnosing MS. Our study adds to previous work by demonstrating that CIS patients who converted to CDMS within 1 year, compared with those who did not, show a higher probability of having lesions in projection, association, and commissural tracts of the WM. More specifically, the analysis identified the largest significant clusters in the CC, optic radiations, inferior frontooccipital fascicle, CR, and cingulum. Interestingly, in a recent study comparing, 20 years after clinical onset, the LPMs of patients with CDMS vs those who were still non-CDMS, lesions were also found to cluster in most of these WM regions. 8 Altogether, these studies imply that lesions occurring in regions traversed by fibers mediating motor and sensory functions are associated with a higher risk of further clinical episodes in the short term. Among the lesion clusters identified in our work, those surviving LV correction were a region of the anterior CR located in the periventricular area of the frontal horn of the lateral ventricles and mapping on the ATR and the frontal cingulum, close to the rostral cingulate motor area. Both of them are clinically relevant regions of the frontal WM: the ATR is a WM projection tract that connects, through the anterior limb of the internal capsule, the frontal motor cortical areas, including premotor and supplementary motor areas, with the basal ganglia and brainstem nuclei; the cingulum is an important WM long association tract that runs parallel to the CC, connecting different parts of the cingulate gyrus with each other as well as with premotor regions, prefrontal cortex, parietotemporal lobes, basal ganglia, and motor nuclei of the brainstem. Notably, both anterior CR and cingulum are adjacent to the CC, which highlights once again the important role of callosal/pericallosal lesions in predicting future clinical attacks in patients with CIS. 28 Voxel-based studies such as those performed here have strengths and limitations. Strength lies in the ability to study very large clinical and MRI datasets, as we have done here, and distill key information efficiently. LPM provides insights into the role of lesion location and distribution in predicting conversion from CIS to CDMS that would be difficult to achieve with manual or automated regional lesion counts. The very large dataset used here was made possible by the MAGNIMS network, which provided an amount of high-quality magnetic resonance data that could have never been collected in a single-center study. Moreover, some technical steps are also worthy of mention as potential strong points of this study: the use of nonlinear registration for creation of LPM allows alignment of patients' brains with great accuracy, diminishing the potential bias from errors in registration; the voxelwise analyses were based on nonparametric permutation testing, which is applicable even when the assumptions of a parametric approach are not valid, as in the case of study groups with different numbers of subjects 25 ; and the use of correction for multiple comparisons across space for all voxelwise analyses, thus reducing the risk of false-positive results.
The study also has a number of limitations. First is the short-term clinical follow-up of our CIS population, because longer follow-up times could have provided more clinically meaningful results. However, although short-term prediction of clinical conversion to MS is not informative about long-term prognosis, it can still be very important for treatment decisions in CIS subjects. [19] [20] [21] [31] [32] [33] Second, there was a greater LV in the converting than in the nonconverting patients, which could have biased the interpretation of our LPM results. Including LV as a covariate in the statistical model may yield spurious results because regional and whole brain lesion loads tend to covary, and it is for this reason that several recent studies have chosen not to include it in the statistical models or to present both LV-corrected and noncorrected results. [7] [8] [9] [10] [11] [12] [13] [14] [15] [34] [35] [36] [37] [38] Reassuringly, in this study, we provided results both with and without correction for LV, obtaining similar overall results. Third, data from different centers have been acquired with different sequence geometry. Nevertheless, the use of nonlinear registration and the correction of all voxelwise analyses for slice thickness and center creating lesion masks should not have affected the overall anatomical distribution and location of the brain lesions. Finally, we also have to consider that some CIS patients had received diseasemodifying treatment after the first clinical episode and that the clinical assessment schedule differed between the different clinical trials.
Overall, our study using MRI-derived LPM in a very large patient population after the first clinical event Regions with high lesion frequency in clinically isolated syndrome patients converting to clinically definite multiple sclerosis (MS) within 1 year
Yellow (in A-D) shows the clusters of voxels (see table 2 ) where, after controlling for age, sex, center, and slice thickness, brain lesions were more frequent (p , 0.05, cluster-corrected) in patients converting (n 5 303) than in those not converting (n 5 862) to clinically definite MS within 1 year. Red shows the clusters of voxels that also survived correction for lesion volume (anterior corona radiata in B and cingulum in C). Green represents the white matter fiber tracts (anterior thalamic radiation in B and cingulum in C) obtained from the FMRIB Software Library probabilistic tractography atlas. Background image is the Montreal Neurological Institute (MNI)152 standard space image. Images are shown in radiologic convention. See text for further details. suggestive of MS implies that there are regional differences in lesion frequency in clinically eloquent WM tracts that can differentiate CIS subjects with different types of presentation. Moreover, projection, association, and commissural tracts of the WM, in particular those traversed by fibers involved in motor function and close to the CC (i.e., anterior CR and cingulum), are associated with a higher risk of further clinical episodes in the short term.
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